Introduction {#S6}
============

Human pluripotent stem cells are the foundations for regenerating organs injured by disease, reconstructing tissues damaged by iatrogenic effects of therapies, rejuvenating systems affected by aging, and correcting congenital disorders caused by genetic mutations \[[@R1]-[@R4]\]. However, using these cells carries a risk of cancerous transformation of the therapeutically-introduced human pluripotent stem cells \[[@R5]-[@R12]\].

Various strategies were recently developed to reduce the risk of iatrogenic cancerogenesis. Genetically engineered and synthetic superparamagnetic or fluorescent antibodies targeting SSEA-4, SSEA-3, TRA-1-81, and TRA-1-60 facilitated depletion of human pluripotent cells with the aid of magnetic (MACS) and fluorescent activated cell sorting (FACS) \[[@R13]-[@R18]\]. Fluorescent mouse monoclonal antibodies against SSEA-5 were used to remove the clones of pluripotent stem cells and reduce the number of teratomas \[[@R18]\]. Mouse monoclonal antibodies - mAb84 raised against podocalyxin-like protein-1 on undifferentiated human embryonic stem cells were capable for killing them \[[@R19]\]. Modified with toxins, mouse monoclonal antibodies against claudin-6, displayed on pluripotent stem cells, inflicted their death \[[@R20]\]. Combination of magnetic sorting and cytotoxic antibody follow-up led to selective removal of undifferentiated embryonic stem cells \[[@R21]\]. PluriSIn \#1, an inhibitor of stearoyl-co A desaturase and a key enzyme in oleic acid biosynthesis, was shown to be effective in killing of implanted human embryonic stem cells \[[@R22]\]. Transgenic expression of the recombinant thymidine kinase -- cell suicide gene in human pluripotent stem cells made them lethally sensitive to Ganciclovir at doses lower than those toxic for differentiated adult cells \[[@R23]-[@R26]\].

The ultimate goal of our work is to develop a self-triggering feedback mechanism, which eliminates the pluripotent stem cells that keep proliferating despite attempts of inducing their differentiation; thus which reliably prevents initiation of neoplasms. Unfortunately, none of the published strategies proposed a proliferation triggered cell suicide mechanism. Moreover, none of those strategies was protecting against risks of apoptosis processes' reversal, development of rescue mechanisms, or *de novo* proliferations' initiation, as it happens in cancer, which was the driving force for development of cancer suicide gene therapy \[[@R5],[@R27]-[@R30]\]. Herein, we describe the novel strategy, which we have developed to safeguard stem cell therapy against iatrogenic cancerogenesis.

The specific aim was threefold: (1) to genetically engineer the DNA constructs for the human, recombinant *DNASE1, DNASE1L3, DNASE2, DFFB* controlled by the *POLA1* promoter; (2) to bioengineer anti-SSEA-4 vectors delivering transgenes to undifferentiated bone marrow derived human induced pluripotent stem cells; (3) to cause death of the proliferating and non-differentiating stem cells by transgenic expression of the human recombinant DNases (hrDNases).

Methods {#S7}
=======

Patients {#S8}
--------

### Bone marrow {#S9}

#### Cell culture {#S10}

All samples were obtained from patients undergoing marrow harvest for autologous transplantation in accordance with the Declaration of Helsinki with the Institutional Review Boards' Approval and with the Patients' Informed Consent. The cohort consisted of 3 men and 3 women, who agreed for using their bone marrow for research. All the surgical procedures were performed in the sterile conditions after induction of general anesthesia. Using heparinized, sterile needles, approximately 10 ml volumes of bone marrow were aspirated from the iliac crests. No iatrogenic complications were ever reported. Cells from the aspirated marrow were either processed immediately, or expanded, or frozen.

For immediate analysis, the bone marrow aspirates were suspended in 20% Human Serum in Hank's Balanced Salt Solution 4°C on ice. These suspensions were very gently layered onto 1.077 g/mL Ficoll (Pharmacia, Uppsala, Sweden) and spun 300 g for 25 minutes at 4°C. Bone marrow mononuclear cells (BMMCs) formed a band at the interface. They were aspirated from that band and the suspension/centrifugation cycle repeated two more times.

For cell culture expansion, the cells were then resuspended in growth medium consisting of Iscove's modified Dulbecco's medium (IMDM) with 20% human serum, 4 mmol/L glutamine, 50 pg/mL penicillin and streptomycin (GIBCO, Grand Island, New York, USA), and 10 pmol/L hydrocortisone (Sigma, St Louis, MO). Growth was promoted by adding the following factors: 2 ng/mL rh interleukin-3 (R & D Systems, Minneapolis, MN), 5 ng/mL hr granulocyte-macrophage colony-stimulating factor (Immunex, Seattle, WA), 0. 1 U/mL erythropoietin (Amgen, Thousand Oaks, CA, USA), and 10 ng/mL hr c-kit ligand (Immunex, Seattle, WA, USA). Large scale expansion of BMMCs was conducted according to conditions developed earlier for perfusion culture systems, while using bioreactors (New Brunswick Scientific, Hauppauge, NY, USA) \[[@R37]\]. The BMMCs were rinsed off cell culture media for further processing as described above.

For long term storage, the bone marrows aspirates were suspended in PBS supplemented with 5% starch, 5%DMSO, 30% human serum for 15 min. on ice and cryoimmobilized in the programmable freezer (the freezer was designed and built based upon the NSF funds granted to Dr M. Malecki, the Principal Investigator) down to −30°C at 1°C/min, rapid cooling down to −70°C at 30°C/min, and the final phase down to −196°C at 3°C/min.

Bone marrow mononuclear cells were reprogrammed into human autologous pluripotent induced stem cells according to the detailed protocols already published earlier \[[@R33]-[@R37]\]. Batches of cells were depleted of apoptotic and necrotic cells by labeling with superparamagnetic synthetic antibodies against phosphatidylserine and double stranded DNA followed by magnetic activated cell sorting (MACS).

Bone marrow mononuclear cells were reprogrammed into human autologous pluripotent induced stem cells with the aid of the DNA plasmid constructs coding sequences of: *NANOG, OCT4, SOX2, LIN28, KLF4, CMYC*. These constructs had bioengineered reporting sequences to render them superparamagnetic or fluorescent (Gd, Eu); thus to facilitate determination of transfection efficacy. The autologous human induced pluripotent stem cells cultures were clonally expanded to the desired quantities. Resulting, reprogrammed pluripotent stem cells were directed to differentiate into endothelial cells. They were also transfected with the DNA plasmid constructs coding sequences of: *DNASE1, DNASE1L3, DNASE2, DFFB.* These constructs had bioengineered reporting sequences to render them superparamagnetic or fluorescent, but different than in those inducing pluripotency; thus to facilitate determination of transfection efficacy. They were transfected with the aid of the anti-SSEA-4 synthetic nano-antibody guided vectors as described below.

Synthetic nano-antibodies against SSEA-4, EGFR, EGFRvIII, and dsDNA {#S11}
-------------------------------------------------------------------

Synthetic nano-antibodies against SSEA-4 were bioengineered as described earlier and the sequences were published \[[@R13]-[@R16]\]. Briefly, fresh blood was received from the cancer patients according to the Declaration of Helsinki with the Institutional Review Board (IRB) approval and with the Informed Consent Forms (ICF) signed. White blood cells (WBC) were isolated using Ficoll-Hypaque technique. The B cells were isolated using genetically engineered antibodies targeting CD19 and CD20. The total mRNA was isolated using Trizol reagent (Molecular Research Center, Inc. Cincinnati, OH). The cDNA was generated using random hexamers (Intergrated DNA Technologies, Coralville, IA) and reverse transcriptase (Promega, Madison, WI) in reactions involving denaturing RNA at 70°C followed by reverse transcription carried at 42°C for 15 min. The cDNA quality was tested by the polymerase chain reaction (PCR) of beta actin and GAPDH as reference genes with the commercially available primers (ABI, Foster City, CA). For amplification of variable fragments, the primers sets were designed using the Kabat's database. They were synthesized on the 380A DNA Synthesizer (ABI, Foster City, CA). The variable fragments were amplified by polymerase chain reaction using the mix of the generated cDNA, the synthesized primers, dNTPs, and Taq DNA polymerase (Hoffmann--La Roche, Basel, Switzerland) using the Robocycler (Stratagene, San Diego, CA) or Mastercycler (Eppendorf, New York, NY). The blunt ended amplicons were inserted into the pM \[[@R13]\] construct containing the single EGFR transmembrane sequence imported from the GenBank Reference Sequence ID: NM_005228 in Public Domain (NCBI, Bethesda, MD). The DNA plasmid constructs also contained metal binding domains capable of chelating superparamagnetic and fluorescent metals. The constructs were electroporated and expressed in human myelomas. All the expressed clones were labeled in liquid phase with the free transgenic receptors, which were modified with fluorescent or superparamagnetic reporters. The clones expressing the heavy (HC) and light chains (VL) were selected on the fluorescent activated cell sorter (FACS) Calibur (Becton-Dickinson, Franklin Lakes, NJ) or magnetic activated cell sorter (MACS) (the sorter built based upon the grants from the NSF for Dr Malecki, the Principal Investigator). The new constructs were also expressed in human myelomas. The coding sequences were verified after total RNA extraction, reverse transcription, amplification, and sequencing of amplicons on the ABI 3130XL or Junior DNA Sequencer (ABI, Foster City, CA). The clones of the antibodies used to this study were encoded MR24 for the EGFRvIII and MS23 for the EGFR. For the first round of selections, the free, transgenic, soluble, extracellular domains of the receptors were generated as the baits. They were designed based upon the coding sequence for the human EGFRwt based upon the sequence imported as the NCBI Reference Sequence: AC006977.3 and for the human EGFRvIII carrying mutation deletion of the exons 2-7 as described and their sequences were published. The primers were designed using the Primer Express Primer Express (ABI, Foster City, CA) and synthesized. After amplification and purification, the cDNA for the EGFR or EGFRvIII domains was transduced in myelomas followed by the gene expression products' purification on HPLC.

Synthetic nano-antibodies against dsDNA single chain variable fragments were bioengineered as described earlier and the sequences were published \[[@R33]\]. Briefly, the B cells were selected from the patients suffering from LE. They were sorted with MACS, after the DNA was modified with superparamagnetic antibodies. Alternatively, they were sorted by FACS, after the DNA was tagged with fluorescent reporters. RT PCR was performed on each cell carrying dsDNA targeting variable fragments. Coding sequences for the variable fragments were amplified and cloned within the plasmid vectors and expressed in human myelomas and B cells, as described and with all the sequences published \[[@R33],[@R37]\].

Bioengineering vectors for human recombinant *DNASE1, DNASE1L3, DNASE2, DFFB* controlled by *POLA1* promoter {#S12}
------------------------------------------------------------------------------------------------------------

### Studying effects of transgenic expression of DNases {#S13}

Tissue was obtained from cancer free margins during surgery of patients suffering from cancers of pancreas, liver, and ovary. Genomic DNA was isolated using Nucleic Acid Extractor Model 340A (ABI, Foster City, CA). Total mRNA was isolated using Trizol reagent (Molecular Research Center, Inc. Cincinnati, OH). The cDNA was generated using random hexamers (Intergrated DNA Technologies, Coralville, IA) and reverse transcriptase (Promega, Madison, WI). The following coding sequences were imported from the NCBI and used to design the primers using PrimerBlast: homo sapiens deoxyribonuclease I (*DNASE1*): NCBI Reference Sequence: NC_000016.9; homo sapiens deoxyribonuclease 1L3 (*DNASE1L3*)*:* NCBI Reference Sequence: NC_000003.11; homo sapiens deoxyribonuclease II (*DNASE2*): NCBI Reference Sequence: NC_000019.9; homo sapiens DNA fragmentation factor B (*DFFB*): NCBI Reference Sequence: NC_000001.10. The primers were synthesized on the 380A DNA Synthesizer (ABI, Foster City, CA) and the sequences amplified on the Robocycler (Stratagene, San Diego, CA), Mastercycler (Eppendorf, Hamburg, Germany), or 7500, 7900 HT qPCR systems (ABI, Foster City, CA). The following coding sequences were imported from the NCBI and synthesized on the DNA synthesizer: homo sapiens promoter for ***POLA1*:** NCBI Reference Sequence: HF584050.1 (GCGCCTGTCTCGGCCCCCGCGCCAGTTTTGGGCTGGTTGGCGCGGAATCGGGAGATTCGG) ***(Prom_POLA1***), homo sapiens nuclear localization signal for nucleoplasmin (*NPM1*) (*NLS_NPM1*), and short unique tagging sequence. The coding sequences for each of the DNases were joined by overlap extension with those for the Prom-*POLA1* and *NLS-NPM*. As fluorescent reporters, the following coding sequences for fluorescent proteins within the plasmids were according to: GFP as in GenBank Accession M62653.1 (the gift from Dr D. Prasher) and its BFP, CFP, and YFP mutations (the gift from Dr R. Tsien) \[[@R38]-[@R41]\]. Alternatively, as super-paramagnetic and elemental reporters, the sequences harboring for Gd, Eu, Tb, Ni, Co chelators were synthesized \[[@R33]\]. Those sequences were inserted to code carboxyl termini of the expressed fusion proteins. These four DNases' coding sequences were assembled into the transfection vectors, which were bioengineered as described \[[@R27]\]. Briefly, the synthetic antibodies against DNA were carrying biotin tag at the carboxyl termini. After binding the DNA constructs for the DNases, they were docked into the biotin binding site of the recombinant avidin one at a time to create the DNA non-viral vectors. These vectors were guided by synthetic biotags into the cells as described \[[@R37]\]. These vectors carrying plasmids of the same sizes, but with reversed direction coding sequence for DNases or without NLS were delivered as the controls. Since, the biotags carried permanent fluorescent, radionuclide, or superparamagnetic reporters, efficacy of targeted delivery was easy to quantify with MPFS, EDXS, GRS, or NMRS.

Effects of transgenes' expression were determined by MPFS of living cells' chromatin and electrophoresis of nuclei's lysates. Surfaces of cryo-immobilized cells were studied by FESEM. Architecture of nuclear chromatin was revealed by EFTEM. Apoptotic and necrotic cells were quantified after labeling with synthetic antibody based biotags against dsDNA and against phosphatidylserine (PS). These biotags were rendered fluorescent or superparamagnetic, so that quantification of dead or apoptotic cells was pursued with FCM, XRFS, or NMRS.

Directing vasculogenesis of human pluripotent stem cells {#S14}
--------------------------------------------------------

Upon completion of the recruitment of the bone marrow stem cells to the cardiac tissues, the solution, flowing through the chambers, was Vascular Cell Basal Medium (ATCC, Arlington, VA, USA) supplemented with recombinant human Vascular Endothelial Growth Factor 50 ng/mL, recombinant human Epidermal Growth Factor 5 ng/mL, recombinant human Basic Fibroblast Growth Factor 5 ng/mL, recombinant human Insulin-like Growth Factor 15 ng/mL, Angiopoietin-1 20 ng/mL, L-glutamine 10 mM, heparin sulfate 0.75 Units/mL, hydrocortisone hemisuccinate 1 μg/mL, ascorbic acid 50 μg/mL. At various time intervals, vasculogenesis of the retained stem cells was quantified. Human Normal Artery Endothelial Cells (ATCC, Arlington, VA, USA) served as the positive controls. The tissues were homogenized, followed by extraction of mRNA, quantitative reverse transcription and polymerase reaction amplification of the transcripts for claudin, ZO-1, VE cadherin and occludin. The cells were labeled with the antibodies for to highlight in multiphoton fluorescence microscope the gene expression products forming tight and adherens junctions.

Flow cytometry (FCM). Fluorescently activated cell sorting (FACS). Multiphoton Fluorescence Spectroscopy (MPFS) {#S15}
---------------------------------------------------------------------------------------------------------------

For flow cytometry (FCM), fluorescent activated cell sorting (FACS) and magnetic activated cell sorting (MACS) were thoroughly prepared as single cell suspensions by short treatment with the PIPES buffered DNase, RNase, trypsin, collagenase, or dispase II (0.5 units/mg). These preparations included cell clusters and embryoid bodies. Moreover, apoptotic cells were removed with the Fvs anti-PS and dead cells with the Fvs anti-DNA. The enriched populations of the cells labeled with the fluorescent Fvs targeting TRA-1-60, TRA-1-81, SSEA-3, SSEA-4 were measured with the Calibur, Vantage SE, or Aria (Becton-Dickinson, Franklin Lakes, NJ, USA) or the FC500 (Beckman-Coulter, Brea, CA, USA). The fluorescently labeled cells were imaged with the Axiovert (Zeiss, Oberkochen, D, EU) equipped with the Enterprise argon ion (457 nm, 488 nm, 529 nm lines) and ultraviolet (UV) (364 nm line) lasers; Odyssey XL digital video-rate confocal laser scanning imaging system operated up to 240 frames*/*s under control of Intervision software (Noran, Madison, WI, USA), and the Diaphot (Nikon, Tokyo, Japan) equipped with the Microlase diode-pumped Nd:YLF solid state laser (1048 nm line), the pulse compressor with the pulses' rate 300 fs at 120 MHz and the MRC600 scanning system under control of Comos software (the multi-photon fluorescence station built based upon the NIH funds -- PI: Dr J. White). Deconvolution of images was done on the Indy workstation (Silicon Graphics, Fremont, CA, USA).

Nuclear Magnetic Resonance Spectroscopy (NMRS). Magnetic Activated Cell Sorting (MACS) {#S16}
--------------------------------------------------------------------------------------

The cells were labeled for positive selection with the superparamagnetic Fvs targeting TRA-1-60 and SSEA-4, and for the negative selection targeting CD45, CD34, dsDNA, and PS, while suspended in the physiological buffer supplemented with serum and glucose. The small aliquots were dispensed into the magnetism-free NMR tubes (Shigemi, Tokyo, Japan). The relaxation times T1 were measured in resonance to the applied FLAIR pulse sequences on the NMR spectrometers: DMX 400 WB or AVANCE II NMR (Bruker, Billerica, MA*)* or the Signa clinical scanners (GE, Milwaukee, WI, USA). The superparamagnetic Fvs were also used to isolate the labeled cells from the solution using the magnetic sorter to reach above 99.5% of purity (the sorter designed and built based upon the NSF funds -- PI: Dr M. Malecki).

Electron Energy Loss Spectroscopy (EELS). Energy Dispersive X-Ray Spectroscopy (EDXS). X-ray Reflection Fluorescence Spectroscopy (XRFS) {#S17}
----------------------------------------------------------------------------------------------------------------------------------------

The samples, which were cryo-immobilized, presented the life-like supramolecular organization. Molecular imaging was pursued as described. The field emission, scanning transmission, electron microscope FESTEM HB501 (Vacuum Generators, Kirkland, WA, USA) was equipped with the energy dispersive x-ray spectrometer (EDXS) (Noran, Middleton, WI, USA) and post-column electron energy loss spectrometer (EELS) (Gatan, Pleasanton, CA). The cryo-energy filtering transmission electron microscope 912 Omega was equipped with the in-column, electron energy loss spectrometer (EELS) (Zeiss, Oberkochen, D, EU). The cryo-energy filtering transmission electron microscopes 410 and 430 Phillips were equipped with the post-column, electron energy loss spectrometers (EELS) (Noran, Middleton, WI, USA). The field emission, scanning electron microscope SEM1530 (Zeiss, Oberkochen, D, EU) was equipped with the energy dispersive x-ray spectrometer (EDXS) (Noran, Middleton, WI, USA). The field emission, scanning electron microscope 3400 was equipped with the energy dispersive x-ray spectrometer (EDXS) (Hitachi, Tokyo, Japan). The images and spectra were acquired using the ccd camera operating under the image acquisition and processing software (SIS, Herzogenrath, D, EU or Emispec Systems, Tempe, AZ, USA). In the XRFS study, the ICP standard of 1000 mg/l of mono-element Gallium (CPI International, Denver, CO, USA) was added to 500 microL of each sample to the final concentration of 10 mg/l. The data were generated from the S2 Picofox TXRF spectrometer equipped with a molybdenum (Mo) X-ray target and the Peltier cooled Xflash Silicon Drift Detector (Bruker AXS, Fitchburg, WI, USA). Scan times ranged up to 1000 seconds. The automatic sample changer, which can hold up to 25 samples, was also used along with the SPECTRA 7 software for the instrument control, data collection, and analysis (Bruker AXS, Fitchburg, WI, USA).

Immunoblotting (IB) {#S18}
-------------------

The cells and tissues were frozen in liquid nitrogen, crushed, and thawed or/and disintegrated with the ultrasonicator (Branson Ultrasonic, Danbury, CT, USA) within the sample buffers for native protein analysis. They were stored in liquid nitrogen or electrophoresed in the native buffer (Invitrogen, Carlsbad, CA, USA). They were vacuum or electro-transferred onto the PVDF membranes (Amersham, Buckinghamshire, UK, EU). The membranes carrying the transferred proteins were soaked within human serum and labeled with the Fvs. The samples of purified cardiac muscle myosin, actin, α-actinin, titin served as the controls. The commercially available monoclonal antibodies against myosin, actin, α-actinin, titin, SSEA-3, SSEA-4, TRA-1-60, TRA-1-81, CD34, and CD45 served as the controls. The images of the blots were acquired and quantified with Fluoroimager (Molecular Dynamics, Sunnyvale, CA, USA) or Storm 840 (Amersham, Buckinghamshire, UK, EU). The levels of the gene expression products were also calculated, as the ratio between the protein concentration in the examined patient's cells and the controls.

Quantitative Reverse Transcription and Polymerase Chain Reaction (qRTPCR) {#S19}
-------------------------------------------------------------------------

Total RNA was isolated with TRIzol (MRC, Cincinnati, OH, USA). In addition to the patients' cardiac tissues, the fibroblasts, peripheral blood cells, and bone marrow cells were processed. The cultured fibroblasts (IMR90), human embryonic stem cells (H1, H9), and blood from the healthy volunteers served as the controls. For all, RNA served as the template to generate cDNA through reverse transcription using random hexamers and reverse transcriptase (ABI, Foster City, CA, USA). The primers' sequences and cycling settings were modified from those given \[[@R13]-[@R15]\]. The transcripts for GAPDH and actin served as the internal controls (ABI, Foster City, CA, USA). They were synthesized on the 380A DNA Synthesizer (ABI, Foster City, CA, USA). The PCR reactions were carried using the mix of the cDNA, the synthesized primers, dNTPs, and Taq DNA polymerase (Hoffmann--La Roche, Basel, H) on the Robocycler (Stratagene, San Diego, CA, USA), Mastercycler (Eppendorf, Hamburg, D, EU), or 7500, 7900 systems (ABI, Foster City, CA, USA). The images of the gels were acquired and quantified with Fluoroimager (Molecular Dynamics, Sunnyvale, CA, USA) or Storm 840 (Amersham, Buckinghamshire, UK, EU). The levels of the transcripts were all normalized against GAPDH or actin. Thereafter, they were calculated as the ratios between the transcripts' concentration in the examined patient's cells versus the cells from the healthy control tissues and cultures.

Statistical analysis {#S20}
--------------------

All the measurements were run in triplicates for each sample from six patients (three women and three men). The numbers were analyzed and displayed using GraphPad software (GraphPad Software, Inc, La Jolla, CA). Data were presented as mean ± standard error of the mean (SEM). Statistical significance was calculated by t-test for two groups.

Results {#S21}
=======

We have determined the effects of transgenic expression of the genes for the human, recombinant DNases (hrDNases) on human autologous pluripotent induced stem cells, while discriminating these effects between proliferating and differentiating stem cells. As the positive control, we have determined the effects of transgenic DNases' expression on the human embryonic stem cells. As the negative control, we have determined the effects of transgenic DNases' expression on the human artery endothelial cells and the human induced endothelial cells. We have compared the results of experiments on the human autologous pluripotent induced and embryonic stem cells transfected with the vectors carrying recombinant genes for DNases with the results of the same experiments conducted on cells transfected with the vectors carrying the ORF in reversed direction and those not exposed to transfecting vectors at all.

We have pursued research with several integrated strategies: (1) directing differentiation of induced pluripotent stem cells into endothelial cells, while imaging by multiphoton fluorescence of structural proteins of tight and adherens junctions as fusions with green fluorescence proteins and their mutants; (2) analyzing the cells' surface topography in differentiating versus proliferating cells by field emission scanning electron microscopy (FESEM); (2) watching externalization of phosphatidylserine (PS) in stem cells undergoing apoptosis; (3) studying architecture of genomic DNA (gDNA) in living cells; (4) evaluating integrity of genomic DNA (gDNA) isolated from proliferating cells, which were transfected with the vectors for the hrDNases; (5) revealing ultrafine architecture of chromatin with field emission energy filtering transmission electron microscopy (FEEFTEM); (6) quantifying the deadly effects of the transgenic DNases expression by labeling with molecular death tags for nuclear magnetic resonance spectroscopy (NMRS); (7) quantifying these deadly effects by energy dispersive x-ray spectroscopy (EDXS).

Directed differentiation of the human autologous pluripotent stem cells induced from bone marrow mononuclear cells resulted in formation of endothelial cells ([Figure 1](#F1){ref-type="fig"}). Accuracy and selectivity of the vectors to deliver the transgenes for the hrDNases into the undifferentiated pluripotent stem cells did depend on high specificity of the guiding synthetic antibodies as validated earlier \[[@R13]-[@R14]\]. Differentiation was verified by recording assembly of tight junctions highlighted by transgenic gene expression product -- blue mutant of green fluorescent protein fusion with zona occludens 1 and by labeling with synthetic antibody against extracellular domain of claudin. It was also verified by recording assembly of adherens junctions highlighted by transgenic gene expression product -- yellow mutant of green fluorescent protein fusion with catenin and by labeling with synthetic antibody against extracellular domain of vascular endothelial cadherin. These cells did not display any of the markers of the undifferentiated proliferating stem cells including SSEA-4, SSEA-3, TRA-1-60, and TRA-1-81. These cells were not penetrated by the anti-dsDNA antibodies or propidium iodide. Each of the assays was conducted in triplicates. The data presented are representative to all samples tested.

Human autologous pluripotent induced stem cells and human embryonic stem cells were stimulated to differentiate with VEGF and BMP. They were also transfected with the transgenes coding *DNASE1, DNASE1L3, DNASE2, DFFB* controlled by the *POLA1* promoter. We resorted to ultrastructural imaging by field emission scanning electron microscopy (FESEM) of surface topographies on cryo-immobilized and freeze-dried cells to detect the earliest signs of death ([Figure 2](#F2){ref-type="fig"}). Human autologous pluripotent stem cells, which were induced from bone marrow mononuclear cells, were having regular round geometry and surfaces projected as multiple, fine filopodia. Their batches were depleted of necrotic and apoptotic cells with superparamagnetic antibodies against PS and dsDNA. As the positive control, we have determined the effects of transgenic DNases' expression on the human embryonic stem cells. As the negative control, we have determined the effects of transgenic DNases' expression on the human artery endothelial cells and the human induced endothelial cells. All the assays were conducted in triplicates and those shown are representative to all studied. The proliferating, undifferentiated human autologous pluripotent induced stem cells, which were not transfected with the hrDNases' vectors, were having classical geometry joined by an isthmus. In the batches of the human autologous pluripotent induced stem cells, which were transfected with the vectors for the hrDNases, there were cells, which showed first signs of apoptosis-like changes -- cell surface blebs, already within an hour. Magnitude of these changes and numbers of the affected cells rapidly increased over time to reach the point, when all undifferentiated stem cells were affected.

Molecular nature of blebs forming on surfaces of the cells transfected with the vectors for the DNases was probed by labeling with antibodies to phosphatidylserine (PS) on living cells ([Figure 3](#F3){ref-type="fig"}). Three rounds of assays were performed. The images are representative to all acquired. Synthetic nano-antibodies, which guided the vectors, demonstrated high specificity and exquisite sensitivity as determined previously \[[@R13]-[@R14]\]. Within the time frames identical to those recorded during detection of cell surface blebbing, externalization of PS was noticed. Concurrently with those alterations, nuclear chromatin was suffering structural degradation, which was leading to its complete collapse. Those changes were entirely absent in the differentiated stem and endothelial cells serving as the controls, as well as in the cells which were transfected with the vectors carrying ORF in the reversed orientation.

To further refine observations on the living human autologous pluripotent induced and embryonic stem cells, integrity of genomic DNA was tested by isolation and electrophoresis without prior ultrasonic fragmentation or restriction enzymes cutting ([Figure 4](#F4){ref-type="fig"}). Genomic DNA was also isolated from the cells, which were exposed to the vectors carrying the ORF in the reversed orientation and from those, which were not transfected at all. Assays were conducted in triplicates and representative results presented. Genomic DNA from proliferating stem cells, which were transfected with the vectors for DNase1, DNase1L3, DNase2, DFFB was completely degraded. It appeared as comet-like smudges along the lanes. Genomic DNA from the cells, which were transfected with the vectors carrying reversed orientation ORF or which were not transfected remained mostly in loading wells.

The ultimate goal of the work was to direct proliferating stem cells to their death with no options for reversal of any stage or route of the process. That could happen through the complete degradation of nuclear chromatin architecture and degradation of genomic DNA by expression of the trangenes for the hrDNases and intranuclear targeting of the transgene expression products. To study this phenomenon, we resorted to ultrastructural imaging of chromatin ultrafine architecture *in situ* by field emission energy filtering transmission electron microscopy (FEEFTEM) ([Figure 5](#F5){ref-type="fig"}). At least fifty cells were imaged from each of the samples. Presented images illustrate the features unique to all studied. In the batches of proliferating cells expressing the hrDNases, chromatin was suffering from various degrees of degradation. Ultrafine architecture of the cells, which were transfected with the vectors carrying ORF in the reversed orientation or which were not transfected, remained unaffected. The observed ultrastructure was in perfect accord with the data acquired in the studies on living cells and extracted genomic DNA ([Figures 1](#F1){ref-type="fig"} and [3](#F3){ref-type="fig"}).

Efficacy for inducing the proliferating cells' death was quantified with nuclear magnetic resonance spectroscopy (NMRS) ([Figure 6](#F6){ref-type="fig"}). Specificity of the acquired data was confirmed by energy dispersive x-ray spectroscopy (EDXS). These were all non-destructive analytical approaches, which ensured retention of the viable cells' for continued analysis, i.e., cell counts were followed by sorting of the previously studied living cells. Each assay was repeated three times and the results were averaged. Progression of apoptosis and/or secondary necrosis, due to transgenic expression of the hrDNases, was quantified by labeling of the cells with superparamagnetic antibodies against dsDNA and measuring the samples' relaxivities with NMRS. That followed by separation of the labeled cells with MACS. A large fraction of the proliferating cells, which were transfected with the vectors for the hrDNases, were dead within the first hour since the transfection. Almost all of these cells were confirmed dead within eight hours. The cells, which were transfected with the vectors carrying ORF in the reversed orientation or which were not transfected, retained high viability. Efficacy for inducing cells' death was also quantified by scintillation counts in energy dispersive x-ray spectroscopy (EDXS) from the proliferating human autologous pluripotent induced and embryonic stem cells versus endothelial cells from directed differentiation endeavors and bioreactor cultures, which were all labeled with the elemental tagged synthetic antibodies. The scintillation data confirmed those from relaxivities' studies. Transgenic expression of the hrDNases was very effective in inducing death of proliferating human autologous pluripotent induced and embryonic stem cells, but had no effects upon differentiated endothelial cells.

Discussion {#S22}
==========

Herein, we describe attaining the proof-of-concept for the strategy, whereby transgenic expression of the genetically engineered human recombinant DNases in proliferating and directed differentiation resisting, but not in differentiating, stem cells leads to their death. The following main factors contributed to successful attaining of the project's aims: (1) specificity of the vectors; (2) cell cycle specific transgenes' expression; (3) intranuclear targeting of the transgenic hrDNases; (4) full spectrum of the hrDNases' optima; (5) irreversibility of the deadly processes.

1.  Viral and stem cell vectors are most often used to deliver therapeutic transgenes. Specificity of their therapeutic delivery is contingent upon their tropisms. However, none of them is uniquely specific to proliferating stem cells. Therefore, our bioengineering of the vectors, which target undifferentiated stem cells only, ensures exquisite specificity for reagents delivery. If it goes to clinical trials, it should be translated into absence of side effects caused by delivering of these reagents into healthy cells.

2.  Expression of the *POLA1* promoter is strictly related to the phases of the cell cycle during their proliferation. It rapidly increases only in cells' preparation for G1/S transition. Therefore, only proliferating cells, having passed all the checkpoints and preparing DNA synthesis, experience increased levels of the DNA polymerases. This feature is incorporated into our safeguarding strategy by putting the gene constructs for the human DNases under the control of *POLA1*. Therefore, in undifferentiated and proliferating cells, the signal to proliferate is equivalent of the signal to die.

3.  The essential element of our strategy is genetic engineering of the sequences coding for nuclear localization signal into the DNA constructs coding for the recombinant DNases. Therefore, the gene expression products -- human recombinant DNases are guided into the cell nuclei ready to degrade the genomic DNA immediately upon completed translation.

4.  DNases have their operational optima depending on the location of their tasks. These optima differ, e.g., for pancreatic or lysosomal DNases. Environments in cellular compartments of dying cells change dramatically. Therefore, adjusting the recombinant DNases operational optima and covering the entire spectra of operations by the four main DNases, which we used, created most efficient cocktail capable for permanent degradation of genomic DNA.

5.  Cancer stem cells were recognized as becoming capable for expelling therapeutics or repairing damaged genomic DNA. Both mechanisms may help them to avoid their eradication. However, both these mechanisms require genomic DNA to stay intact. Our approach relies upon complete degradation of genomic DNA in proliferating stem cells, but not in differentiated cells. Therefore, our strategy ensures permanent eradication of the proliferating stem cells.

The main problems of this strategy are: (1) interception of the vectors by reticulo-endothelial system (RES); (2) immunogenicity of the vectors. If applied *in vivo*, the vector of this size may become intercepted by the patients' reticulo-endothelial system. This may reduce its efficacy. If it happens during the *in vivo* trials, the bio-stealth molecules including polyethylene-glycol may have to be applied.The components of the vectors may become immunogenic after multiple applications. Therefore, reaching high therapeutic efficacy already during first applications may be beneficial for avoiding this problem. As with immuno-therapies immuno-suppression may also be applied in clinical trials. Moreover, using neutralizing antibodies, which we described earlier, may help to resolve this problem in clinical trials.

Mechanisms of the cells' death, which is induced by transgenic expression of the hrDNases, are complex due to the composite nature of the therapeutic cocktail. Altogether, they all contribute to the complete degradation of genomic DNA. Mechanisms of apoptosis or necrosis, caused by external factors, involve activation of signaling cascades leading to the cells' death. Symptoms of consecutive stages can be distinguished. Early stages of necrosis include swollen cell volume, dilation of organelles, ruptured plasma membrane, and spill of intracellular contents. Early stages of apoptosis are characterized by cell externalization of phosphatidylserine, membrane blebs, which are first signs of cell membranes loosing integrity and becoming permeable, collapse of the chromatin architecture. The grand finale of apoptosis is activation of caspases and DNases, which ultimately, if not reversed, lead to degradation of genomic DNA. Those may be followed by secondary necrosis. The mechanisms of "death from inside" described herein, which is induced by complete degradation of the genomic DNA in the proliferating, but not in differentiating, stem cells due to transgenic expression of the four hrDNases, involve overlapping, interference, and integration of all those processes.

Conclusion {#S23}
----------

Herein, we describe attaining the proof-of-concept for the strategy, whereby transgenic expression of the genetically engineered human recombinant DNases in proliferating and directed differentiation resisting stem cells leads to their death. This novel strategy reduces the risk of iatrogenic cancerogenesis in stem cell therapy.
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![Directed differentiation of the human bone marrow derived autologous pluripotent induced stem cells into endothelial cells\
Gene expression products for and assembling of tight junctions: claudin 5 and zona occludens 1 (ZO-1) and adherens junctions: vascular endothelium cadherin and catenin prove efficacy of directed differentiation. Claudin and VE cadherin were highlighted by fluorescent red and cyan synthetic nano-antibodies. ZO-1 and catenin were highlighted by transgenic expression of their fusions with blue and yellow mutants of fluorescent proteins.](nihms-499613-f0001){#F1}

![Human bone marrow and pluripotent induced stem cells directed to die\
Human bone marrow mononuclear cells were induced into human autologous pluripotent stem cells, which displayed cell surface biomarker SSEA-4, and selected with superparamagnetic synthetic nano-antibodies by MACS. After rapid cryoimmobilization, the cells were imaged with field emission scanning electron microscopy. The cells have round geometry and classical cell surface architecture (A). They vigorously proliferate, what is reflected in their geometry and cell surface architecture (B). The cells were transfected with the SSEA-4 antibody guided vectors coding *DNASE1, DNASE1L3, DNASE2, and DFFB* controlled by *POLA* promoter. Early signs of these transgenes' expression, concurrent with G1/S transition, were blebs altering cell surface architecture of the human autologous induced pluripotent stem cells (C). Some of these membrane blebs were developing advanced porosity -- open routes for molecular entries (D).](nihms-499613-f0002){#F2}

![Molecular symptoms of human recombinant DNases' directed suicide of proliferating stem cells\
Human autologous pluripotent induced stem cells were transfected with the SSEA-4 antibody guided vectors carrying coding sequences for *DNASE1, DNASE1L3, DNASE2, and DFFB* controlled by *POLA* promoter. Early signs of these transgenes' expression, concurrent with G1/S transition, were manifested by externalization of phosphatidylserine (A) and membrane blebs corresponding to those shown in the [figure 2](#F2){ref-type="fig"}. Zernicke's phase contrast served as the reference (B). Transgenic expression of the human recombinant DNases resulted in complete collapse of chromatin architecture (C).](nihms-499613-f0003){#F3}

![Degradation of genomic DNA as the result of transgenic expression of the human recombinant DNases\
Genomic DNA was extracted from the human autologous pluripotent induced stem cells (B), human embryonic stem cells (C), and embryonal carcinoma of the ovary (D), were transfected with the anti-SSEA-4 antibody guided vectors carrying coding sequences for *DNASE1, DNASE1L3, DNASE2, and DFFB* controlled by *POLA1* promoter. The hapiSCs transfected with the vectors carrying ORF in reversed orientation (E), and without the vector (F) served as the controls. The 100bp ladder was the reference. Genomic DNA in the transduced cells is completely degradaded (B-D). Genomic DNA of the non-transfected and transfected with the vectors carrying reversed ORF was intact and as such remained in the loading wells (E-F).](nihms-499613-f0004){#F4}

![Collapse of the ultrafine architecture of chromatin as the result of transgenic expression of the hrDNases\
Human autologous pluripotent induced stem cells were directed to differentiate, while transfected with the SSEA-4 antibody guided vectors carrying coding sequences for *DNASE1, DNASE1L3, DNASE2, and DFFB* controlled by *POLA1* promoter. The vectors delivered the transgenes for the hrDNases'only into the SSEA-4 displaying cells. Expression of these hrDNases occurred only in undifferentiated and proliferating stem cells, but did not occur in the differentiated cells. After rapid cryoimmobilization, the cells were imaged with field emission energy filtering transmission electron microscopy.](nihms-499613-f0005){#F5}

![Statistical evaluation of directed suicide in proliferating stem cell\
A. The human autologous induced pluripotent stem cells treated with the vectors for the hrDNases (Vector for hrDNases), with the vectors carrying the ORF in the reversed orientation (Vector for rev ORF), or with physiological buffer containing no vectors (No vector). At different time intervals, the cells were labeled with the superparamagnetic synthetic nano-antibodies targeting dsDNA. The results were quantified by measuring changes relaxivities detected in NMRS. First signs of directed stem cells' death were already detected within the first hour since transfection. B. The human autologous induced pluripotent stem cells (hapiSCs), human embryonic stem cells (heSCs), endothelial cells generated by induced directed vasculogenesis (idvECs), and human artery endothelial cells (haECs) were treated the vectors for the hrDNases. At different time intervals, the cells were labeled with the element tagged anti-dsDNA antibodies and the scintillation were counted in EDXS. Proliferating human autologous induced pluripotent stem cells and human embryonic stem cells were induced to die. Differentiated endothelial cells remained unaffected.](nihms-499613-f0006){#F6}
